Abstract A high-current vacuum arc (HCVA) with the consideration of anode vapor is modeled and simulated. First, from the HCVA column model, the heat flux density to the anode is obtained, which is put into the anode activity model, and the parameter distributions (such as the vapor temperature and velocity) of anode vapor are obtained from the simulation results of the anode activity model. Then, by iterating and calculating the HCVA column model and anode activity model, the interaction between the HCVA column and the anode vapor is simulated and analyzed. In the simulation, the distribution of the axial magnetic field (AMF) generated by the electrode system is calculated by software ANSYS. The simulation results show that the influence of anode vapor on the parameter distributions in the arc column is significant. The simulation results are also compared with the vacuum arc photograph.
Introduction
Nowadays, vacuum arcs appear widely in many industrial applications, such as vacuum arc coating, ion implantation, metal remelting, and vacuum interrupters in medium-voltage power distribution systems. In the application of vacuum interrupters, AMF technology has been extensively adopted to improve the interruption capability of vacuum interrupters, due to the fact that vacuum arcs subjected to AMF can be kept in the diffuse state at a higher current level than those without AMF [1, 2] . In vacuum arcs, when the arc current is relatively low, the anode is in the passive state. However, with the increase in the arc current, the intense heat flux density deposited to the anode can lead to a rapid increase in the anode temperature. The anode can be melted and further vaporized to produce anode vapor. Previous investigations showed that anode vapor could affect the plasma parameter distributions in the arc column, and further influence the interruption capacity of vacuum interrupters [3, 4] . Therefore, it's very important to study the interaction between the anode vapor and arc column in HCVAs.
Numerical simulation technology is one of the important tools for in-depth research on HCVAs. At present, some researchers have proposed several vacuum arc models. The most typical models have been proposed by BOXMAN [5] , KEIDAR and co-workers [6, 7] , SCHADE and SHMEIEV [8, 9] and the XJTU research group [10, 11] . In the models proposed in Refs. [5∼ 8, 10, 11] , anode evaporation was not considered. In the model presented in Ref. [9] , a HCVA with the consideration of anode vapor was preliminarily modeled and simulated. But the simulation results were not compared with experimental results. In this study, a HCVA with the consideration of anode vapor is modeled and simulated. First, from the HCVA column model, the heat flux density to the anode is obtained, which can be input to an anode activity model, and the distribution of the parameters (vapor temperature, velocity, and so on) of anode vapor can be obtained from the simulation results of the anode activity model. By iterating and calculating the HCVA column model and anode activity model, the interaction between the HCVA column and anode vapor is simulated and analyzed. The simulation results are also compared with experimental results.
2 Physical and mathematical model
Physical model
The two-dimensional model of HCVA with the consideration of anode vapor is shown in Fig. 1 . In this model, the vacuum arc is divided into three regions, which are the cathode spots and mixing region, the interelectrode plasma region, and the anode sheath region. The computational region is the interelectrode plasma region. The interelectrode plasma is supplied by cathode spots and anode vapor (if the anode is in the passive status, it needn't be considered). Electrons and ions are the carriers of the arc current. Compared with the power frequency current, the relaxation process of the plasma is fast enough, and therefore the vacuum arc can be regarded as quasi-steady in the model. In the present simulation, the gap distance and current are kept as fixed values.
Fig.1 Physical model
The model is based on the following assumptions: a. The interelectrode plasma is fully ionized consisting only electrons and ions, and the neutral particles are not considered.
b. The arc plasma is satisfied with the following conditions: l e h. Then hydrodynamic approximation can be used to describe the plasma flow (where l e is the electron mean free path and h is the electrode gap).
c. The electron inertial component is neglected. d. Since r D (Debye length) is much less than h, a quasi-neutral plasma flow can be considered.
e. In order to simplify the simulation model, anode vapor is assumed to be fully ionized and enter the computation region in the form of a plasma. The influence of ionization and recombination processes on the vacuum arc is neglected.
f. New ions generated from the anode are assumed to possess the same species as those from the cathode spots.
g. Electrons and ions are regarded as ideal gases.
Mathematical model
The governing equations for the HCVA model include a mass equation, a momentum equation, energy equations of ions and electrons, and a magnetic field transport equation (derived from the Maxwell equation and generalized Ohm's law).
First, expected rotational symmetry is assumed. To simplify the calculation, the azimuthal velocity of ions is not considered, and then axial symmetry is assumed. With regard to the azimuthal magnetic field, its partial derivative along the radial direction on the axis is not zero (
= 0), which is not satisfied with the axisymmetric conditions, so a two-dimensional model is used. By taking the following steps, a two-dimensional model can be transformed into a rotational symmetrical model.
Here, the mass conservation equation (∇ · (m i n i u) = 0) is taken as an example.
First, the mass conservation equation is unfolded in a cylindrical coordinate system and a rectangular coordinate system, respectively.
Here, m i is the ion mass, n i is the ion number density, and u is the ion velocity. In the cylindrical coordinate system, u r is the radial velocity of ions, u z is the axial velocity of ions, r is the radial position, and z is the axial position. In the rectangular coordinate system, u x is the ion velocity along the x direction, u y is the ion velocity along the y direction, x is the horizontal position, and y is the vertical position. Second, Eq. (2) is amended by adding the term (−n i u r /r) to the original source term, and then its new source is (−n i u r /r).
Other governing equations are transformed based on the same method. By adding the source term, the twodimensional model is transformed into a rotational symmetric model.
The equations of the HCVA MHD model are as follows. The detailed derivation can be found in Ref. [10] .
The mass conservation equation:
The momentum conservation equation in the radial direction:
The momentum conservation equation in the axial direction:
Here, p i = n i kT i is the ion pressure, p e = n e kT e is the electron pressure, k is the Boltzmann constant, n e is the electron number density, T i is the ion temperature, T e is the electron temperature, j is the current density, B is the magnetic field,τ is the viscosity stress force, j z , j r and j θ are the axial, radial and azimuthal current density, respectively, B z and B θ are the axial and azimuthal magnetic field, respectively.
The conservation equation of ion energy
Here, λ i is the ion thermal conductivity, m e is the electron mass, and ν ei is the electron-ion collision frequency. Quasi-neutral condition:
Here, z i is the mean charge number. The components form of the electron velocity:
Here, v r , v z and v θ are the radial, axial, and azimuthal components of the electron velocity, respectively, and e is the electron charge. The conservation equation of electron energy:
Here, g T is set at 3/2, and σ is the electrical conductivity. The magnetic field transport equation:
Here, µ 0 is the vacuum permeability. The components form of the current density:
Here, β e is the electron Hall coefficient. j r and j z in Eq. (11) are the components form of the Maxwell equation, and j θ results from the generalized Ohm's law. Generalized Ohm's law:
(12) Here, ϕ is the electrical potential.
3 Boundary conditions and research method
Boundary conditions at cathode side
According to experimental results, the electron temperature is about 1.5 eV at the cathode side. According to the simulation results of transition from the supersonic to subsonic status, the ion temperature is about 10 eV [11] . The mean charge number of ions is 1.85 [12] . In the simulation, cathode spots are assumed to be uniformly distributed on the entire cathode surface, and the current density is described by j 0 = I 0 /πR 2 0 , where I 0 is the arc current, and R 0 is the radius of the cathode side. According to computational fluid dynamic (CFD) theory, for the inlet (cathode side) condition of the subsonic flow, the stagnation pressure, stagnation temperature and the direction of the plasma flow should be specified. Here, the flow direction is assumed from cathode to anode. The initial ion number flux (n 0 u 0 ) at the cathode side is obtained from formula n 0 u 0 = j 0 γ/m i , where γ (115 µg/C [13] ) is the erosion rate. We can assume the initial distributions of the ion number density and ion velocity at the cathode side, but the initial uniform ion number flux is ascertained.
Boundary conditions at anode side
An intense heat flux density heats the anode dramatically, and the anode can be melted and vaporized. In the present model, the anode is divided into two parts: one is near the anode center, where anode vapor is considered; the other is the periphery of the anode, where anode vapor is neglected.
For the part of the anode where anode vapor is neglected, it is assumed to be still in the passive state and regarded as an outlet (specified as anode-outlet). Between the anode-outlet and adjacent plasma, the anode sheath is considered. The potential drop of the anode sheath is described by
where j th is the random electron current density in the adjacent plasma calculated by
The anode-outlet is considered as an equipotential surface. According to this condition and the generalized Ohm's law, the boundary condition of the anode-outlet for the magnetic field transport equation is obtained as
The Boundary condition of the anode-outlet for the electron energy conservation equation is described by [8] .
2.5n e kv z T e + q ez = n e ev z · ( 2kT e e − ϕ sh ).
For the part of the anode where anode vapor is considered, it is regarded as an inlet (specified as anodeinlet). For the anode-inlet, the boundary conditions for the magnetic field transport equation and electron energy conservation equation are the same as those for the anode-outlet. The boundary conditions for the fluid equations are specified in the same way as the cathode.
Anode vapor is assumed to have anode surface temperature T surf , and leave the anode surface with an averaged thermal velocity corresponding to T surf . Anode vapor is assumed to be fully ionized based on previous simulation results [9] , and enter the computational region in the form of a plasma consisting of only ions and electrons. In order to simplify the computation, the distributions of density, velocity, and temperature of new ions from the anode are assumed to be equal to those of neutral anode vapor. The moving direction of the anode plasma is assumed to be from anode to cathode. Static pressure (p a = n a kT a ), total pressure
) are specified by using the distributions of density (n a ), velocity (v a ), and temperature (T a ) of anode vapor (γ is the ratio of specific heat, c s = √ γRT a is the speed of sound, and M = v a /c s is the Mach number).
Boundary conditions at radial boundary
The boundary condition of the magnetic field transport equation is
The boundary condition of the electron energy equation is
Simulation method
The HCVA model is simulated by the commercial CFD software FLUENT. The detailed simulation process is as discussed in Ref. [10] . In order to calculate anode vapor, a transient anode activity model [14] is used. Given a time-varying heat flux density as the input parameter, the anode surface temperature and the anode vapor flux can be obtained.
A program block graph is shown in Fig. 2 . First, for a time-varying arc current, the discrete current values are chosen at several moments. In the simulation, a sinusoidal current with a frequency of 50 Hz is used, and 5 discrete moments (1 ms, 2 ms. . .until 5 ms) are chosen during the first 1/4 cycle current. Second, steady arc simulations are carried out at these discrete moments by the MHD model, and then heat flux densities to the anode at these discrete moments are obtained respectively. By means of the Lagrange interpolation method, the time-varying heat flux density to the anode can be obtained, which is used to be the input for the simulation of the anode activity model. Then the parameters of anode vapor are obtained. Based on these parameters of anode vapor, the HCVA with the consideration of anode vapor is simulated to get the new heat flux to the anode. To study the interaction between the arc column and anode vapor, iteration between the HCVA model and anode activity model is conducted until self-consistent results are obtained. 
Simulation results
In the present simulation, cup-shaped AMF copper electrodes with a diameter of 41 mm and a gap distance of 10 mm are used. The arc current is a sinusoidal current with a frequency of 50 Hz and a peak value of 25 kA. The axial magnetic field at the current peak shown in Fig. 3 is calculated by commercial software ANSYS.
Based on the heat flux density from the HCVA model without the consideration of anode vapor, simulation of the anode activity model is carried out. The distributions of the density and temperature of anode vapor at t = 5 ms are shown in Fig. 4 . The velocity of anode vapor is assumed to be along the axial direction. From  Fig. 4 , it can be seen that the vapor density near the anode center is much higher than that at the edge, so is its radial gradient. Compared to the amount of anode vapor near the anode center, the anode vapor at the anode edge is so little that it can be neglected. In our model, the anode vapor in the region of r < 8 mm is considered, and this region is selected to be the inlet. 
Distribution of density and temperature of anode vapor
After the iteration between the HCVA model and anode activity model, the distributions of density and temperature of anode vapor at t = 5 ms are shown in Fig. 4 . It can be seen that, with the consideration of anode vapor, the density and temperature of anode vapor increase near the anode centre, due to the increase in the heat flux to the anode. However, compared to the pressure from the arc column, the pressure from anode vapor is still low. Fig. 5 shows the ion velocity distributions of the HCVA. From Fig. 5 , it can be seen that all the ions flow from the cathode side to anode side. For the HCVA with the consideration of anode vapor, the inlet boundary condition at the anode-inlet is transferred into the outlet condition automatically in FLUENT, and the stagnation pressure of the inlet is treated as the static pressure of the outlet. With the consideration of anode vapor, due to the decrease in the pressure near the anode-inlet, the gradient of the plasma pressure in that region increases, leading to the increase in the ion velocity ( Fig. 5(b) ). The ion velocity at the anode centre is a little smaller than that at the edge of the anodeinlet, which is because the resistance from anode vapor is larger at the anode center. 
Distributions of ion velocity

Distributions of ion density
Ion density distributions of the HCVA are shown in Fig. 6 . For the HCVA without the consideration of anode vapor, the ion density near the anode centre is larger than that at the edge (Fig. 6(a) ). When considering anode vapor, the ion density becomes lower, and the sag of the ion density appears at the paraxial region of the anode side where the pressure from anode vapor is lower (Fig. 6(b) ). 
Distributions of ion temperature
Ion temperature distributions of the HCVA are shown in Fig. 7 . Due to the transformation between thermal energy and kinetic energy, the change of the ion temperature is related to the change of the ion velocity. With the consideration of anode vapor, the ion temperature near the anode-inlet is significantly decreased (Fig. 7(b) ), which is because much more thermal energy is converted into kinetic energy. 
Distributions of plasma pressure
Plasma pressure (p) distributions are shown in Fig. 8 . The plasma pressure is the sum of ion pressure (p i = n i kT i ) and electron pressure (p e = n e kT e ). With the consideration of anode vapor, the plasma pressure becomes lower, which is due to the decrease in the ion density and ion temperature. The sag of the plasma pressure at the paraxial region of the anode side is mainly due to the sag of the ion density and ion temperature (Fig. 8(b) ). 
Distributions of axial current density
The axial current density distribution of the HCVA is shown in Fig. 9 . From Fig. 9 , it can be seen that the current density becomes nonuniform near the anode side. The change in nonuniformity is mainly due to the change in the ion density. Since the Hall effect is the main reason of current constriction, the decrease in the ion density can increase the influence of the Hall effect, leading to the enhanced current constriction. With the consideration of anode vapor, the maximal value of the current density is increased to 2.6×10 7 A/m 2 , away from the anode centre, at the paraxial region where the ion density is lower (Fig. 9(b) ). 
Heat flux density to anode
The heat flux density to the anode of the HCVA is shown in Fig. 10 . The heat flux density to the anode includes two parts: heat flux carried by the electron flow (q e = j e (2kT e + ϕ w )) and that by the ion
). Due to the higher current density (Fig. 9(a) ), the maximal value of the heat flux density to the anode reaches 1×10 9 W/m 2 . The intense heat flux density makes the anode surface temperature increase, and then the anode evaporation appears. The change in the heat flux density to the anode is mainly determined by the ion density and velocity at the anode. The increase in both the ion density and ion velocity leads to the increase in the heat flux density to the anode. From Fig. 10 , it can be seen that the heat flux density near the anode center has little change. This is because, near the anode center region, the decreasing effect of the ion density is basically counteracted with the increasing effect of the ion velocity. However, near the edge of the anode-inlet region, the heat flux density to the anode becomes larger due to the predominant influence of the ion velocity. In the simulation, because the simulation of the the HCVA model (steady model) and anode activity model (unsteady model) cannot be automatically coupled together, the iteration between the two models needs manual intervention, leading to a greater workload.
The initial stage of the arcing process is quite complex, and contributes little to the heating of the electrodes due to the low current; therefore, this stage is not considered in the simulation. Due to the lack of experimental data for the cathode side, in our case, the current density is assumed to be uniform, and the erosion rate and the distributions of the ion density and velocity are chosen according to the simulation result. With different boundary conditions at the cathode side, the simulation results may be different. Therefore, in order to know the internal physical process in the HCVA by numerical simulation, more parameters at the cathode side are needed.
The influence of anode vapor
With the consideration of anode vapor, the pressure distribution at the anode side is changed, as well as the gradient of the pressure. This will influence the plasma parameter distribution in the arc column. After the iteration between the HCVA model and the anode activity model, the pressure from anode vapor is still low, and the gradient of the pressure directed to the anode is increased, leading to a larger acceleration of ions. The ion velocity increases, especially near the region where anode vapor is considered. However, all ions in the arc column flow from cathode to anode, and no anode vapor can flow into the arc column.
With the consideration of anode vapor, the ions in the arc column flow to the anode with a greater speed, leading to the decrease in the ion density; as a result, the ion temperature is decreased, because more thermal energy converts into kinetic energy. The plasma pressure is decreased due to the decrease in the ion density and temperature. Anode vapor can also influence the heat flux density to the anode. An increase in the heat flux density to the anode appears near the edge of the anode-inlet, which is mainly due to the increase in the ion velocity. The heat flux density to the anode near the anode centre has little change. The influence of anode vapor is mainly concentrated in the vicinity of the anode-inlet region, and is weakened significantly in the anode-outlet region. 
Related experiments
A high speed arc photograph of the HCVA from experiments and a processed image are shown in Fig. 11 . The experiments were conducted with a sinusoidal current which had a frequency of 50 Hz and a peak value of 25 kA, and the arc photograph shown in Fig. 11(a) was shot at t = 5 ms. The exposure time of the digital high-speed camera was 2 µs. Because the arc photograph of the HCVA was overexposed, the light intensity in the arc centre cannot be distinguished. In Fig. 11(b) , the red region corresponds to the brighter region of the arc photograph, and the blue region corresponds to the darker region. From Fig. 11 , it can be found that the light intensity of the HCVA at the cathode centre is the most intensive.
By using the method presented in Ref. [15] , the ion density integrated along the path of view from the simulation results and its processed image are shown in Fig. 12 . According to the assumption that the light emission coefficient is proportional to the plasma density, the calculated light emission has the same distribution as the ion density integrated along the path of view. In order to conveniently compare it with experimental results, the processed image of the calculated light emission (Fig. 12(b) ) is obtained; the red region in Fig. 12(b) corresponds to the region of the higher calculated light emission in Fig. 12(a) . From Fig. 12 it can be seen that the maximum value of the calculated light emission appears at the cathode centre, which is in agreement with the arc photograph of the HCVA. In Fig. 13 , one half of the calculated light emission (left) is shown with the arc photograph (right) under the same conditions. The contour of the red zone (dotted line, left) is mirror-imaged onto the processed arc photograph. Because the vacuum arc is a dynamic process, the light intensity distribution in the arc photograph is the total luminous flux accumulated in 2 µs. From Fig. 13 , we can see that, basically, the simulation results are in agreement with experimental results.
Conclusions
Based on our numerical simulation, the following conclusions can be made:
a. Anode vapor can influence the distribution of the ion density and ion temperature in the arc column. With the consideration of anode vapor, the ion density and temperature become lower.
b. With the consideration of anode vapor, the ion velocity in the region with anode vapor is significantly increased.
c. Anode vapor can influence the distribution of the heat flux density. According to the present simulation results, no anode vapor can flow into the arc column.
d. The distribution of the calculated light emission from the simulation is in agreement with the arc photograph.
